Abstract-In this paper, we study the performance of Space Shift Keying (SSK) modulation for a generic Multiple-InputMultiple-Output (MIMO) wireless system over correlated Rician fading channels. In particular, our contribution is twofold. i) First, we propose a very general framework for computing the Average Bit Error Probability (ABEP) of SSK-MIMO systems over a generic Rician fading channel with arbitrary correlation and channel parameters. The framework relies upon the Moschopoulos method. We show that it is exact for MIMO systems with two transmit-antenna and arbitrary receive-antenna, while an asymptotically-tight upper-bound is proposed to handle the system setup with an arbitrary number of transmit-antenna. ii) Second, moving from the consideration that conventional SSK-MIMO schemes can offer only receivediversity gains, we propose a novel SSK-MIMO scheme that can exploit the transmit-antenna to increase the diversity order. The new method has its basic foundation on the transmission of signals with good time-correlation properties, and is called TimeOrthogonal-Signal-Design (TOSD-) assisted SSK modulation (TOSD-SSK). It is shown that the proposed method can increase twofold the diversity order for arbitrary transmit-and receiveantenna. In particular, for MIMO systems with two transmitantenna and receive-antenna full-diversity equal to 2 can be achieved. Analytical frameworks and theoretical findings are substantiated via Monte Carlo simulations for various system setups.
medium/high transmission rate [1] , [2] . In particular, it has been shown that SM is an excellent solution to solve the three main issues amongst the adoption of MIMO systems for low-complexity and power-efficient applications, i.e., i) inter-channel interference, ii) inter-antenna synchronization, and iii) multiple radio frequency chains at the transmitter [3] [4] [5] [6] . Numerical results in [3] , [4] , [6] have shown that SM can offer better performance and a reduced computational complexity than other popular MIMO schemes for fading channels. Furthermore, in [6] a low-complexity implementation of SM, which is called Space Shift Keying (SSK) modulation, has been suggested and studied. SSK modulation offers a good solution to trade-off receiver complexity for data rate.
The working principle of SM for MIMO systems is based on three main fundamental assumptions: i) the wireless environment naturally modulates the transmitted signal, ii) each transmit-receive wireless link has a different channel, and iii) the receiver employs the a priori channel knowledge to detect the transmitted signal. In other words, SM takes advantage of the location-specific property of the wireless channel, i.e., the uniqueness of each transmit-receive wireless link, for communication [1] , [7] . This property is exploited by adopting a simple but effective coding mechanism that establishes a one-to-one mapping between blocks of information bits to be transmitted and the spatial positions of the transmit-antenna in the antenna-array [4] . More specifically, the basic idea of SM is to map a block of information bits into two information carrying units: 1) a symbol that is chosen from a complex signal-constellation diagram, and 2) a unique transmit-antenna index that is chosen from the set of transmit-antenna in the antenna-array. SM allows, at any time instance, just one transmit-antenna to be switched on for data transmission and keeps all the other transmit-antenna silent. Thus, SM entirely avoids inter-channel interference, requires no synchronization among the transmit-antenna, and needs only one radio frequency chain for data transmission: these features make it well-suited for low-complexity MIMO implementations. Moreover, conveying part of the information in the transmit-antenna index introduces a spatial multiplexing gain with respect to single-antenna systems [4] .
Owing to its peculiar working principle, SM is a very new transmission technique for data communication over wireless channels. However, research in this field is still at its infancy and fundamental issues still need to be addressed to assess the possibilities of exploitation of this technol-0090-6778/11$25.00 c ⃝ 2011 IEEE ogy over realistic propagation environments and for practical operating conditions. In particular, in the current technical literature there is a lack of sound communication-theoretic frameworks for the analysis, design, and optimization of this novel transmission technology. Some notable results available to date are as follows: i) in [4] , the authors have proposed an approximated semi-analytical framework to compute the Average Bit Error Probability (ABEP) of an ad hoc receiver design over independent and identically distributed (i.i.d.) Rayleigh fading channels; ii) the latter framework has been extended to correlated Nakagami-m fading channels in [8] .
However, fading correlation is taken into account only for data detection, while the probability of transmit-antenna detection is computed by using the framework in [4] , which neglects fading correlation; iii) in [5] , [6] the ABEP of the Maximum-Likelihood (ML) detector for SM and SSK modulation, respectively, has been computed for i.i.d. Rayleigh fading channels; iv) the framework in [6] has been generalized, for the same channel model, in [9] by assuming that more than one antenna can be switched on for data transmission; and v) in [10] , [11] , we have recently computed the ABEP of SSK modulation over correlated and non-identically distributed Nakagami-m fading channels for optimal and sub-optimal detectors, respectively. However, these latter frameworks are limited to MIMO systems with just one receive-antenna. The latest developments about analysis and design of SM and SSK modulation over fading channels are available in [12] [13] [14] [15] [16] .
In the depicted context, the novel contribution of this paper is twofold.
1) We propose a general analytical framework to compute the ABEP of SSK-MIMO systems over Rician fading channels with arbitrary channel correlation and fading parameters. The ML-optimum detector in [6] is considered. It is shown that the framework is useful for MIMO systems with arbitrary transmit-and receive-antenna. In particular, by exploiting the Moschopoulos method [17] , it is shown that an exact closed-form expression of the ABEP can be derived when the transmitter is equipped with two antennas, while a tight upper-bound can be obtained for an arbitrary number of transmitantennas. This framework overcomes all the restrictions of previously proposed frameworks on either the channel model [4] [5] [6] [7] [8] or the number of antennas at the receiver [10] , [11] . In particular, channel correlation and power imbalance are taken into account. 2) Looking into the various forms of SM and SSK modulation proposed so far, it can be readily argued that all of them provide only receive-diversity gains, while the transmit-antennas are used for enabling data transmission only. A sound proof of this result can be found in [6] for i.i.d. Rayleigh fading. However, it is well-known that several methods to achieve transmitdiversity gains exist for MIMO schemes, e.g., [18] , [19] , and [20, Sec. III] for a survey. Motivated by this consideration, we propose a novel SSK modulation scheme, called Time-Orthogonal-Signal-Design (TOSD-) assisted SSK modulation (TOSD-SSK), which can offer transmit-diversity gains. The basic idea behind the TOSD-SSK modulation scheme is to optimize the shape of the signals emitted by the transmit-antenna to satisfy some orthogonality constrains in the time domain. We will show that the proposed method can increase twofold the diversity order of conventional SSK-MIMO systems with the same number of transmitand receive-antenna. In particular, for MIMO systems with two transmit-antenna and receive-antenna fulldiversity equal to 2 can be achieved. A framework to compute the ABEP of this proposed scheme is also given. Furthermore, with respect to the many techniques proposed for transmit-diversity purposes so far [20, Sec. III], our method retains the main distinguishable feature of SM: the multiple-antenna at the transmitter are not required to transmit simultaneously, but just one of them is active at any time instance while all the other antennas are kept silent. This way, the TOSD-SSK modulation scheme neither requires inter-antenna synchronization nor needs multiple radio frequency chains at the transmitter. Transmit-diversity gains are achieved since the information is encoded into the spatial position of the transmit-antenna and not because redundant replicas of the same message are transmitted. The remainder of this paper is organized as follows. In Section II, system and channel models are introduced. In Section III, the analytical framework for performance analysis of SSK-MIMO systems over correlated Rician fading channels is developed. In Section IV, the new TOSD-SSK-MIMO scheme with transmit-diversity gains is introduced and its performance is analyzed over generically correlated Rician fading channels. In Section V, numerical and simulation results are shown to substantiate the accuracy of the analytical frameworks and the increased diversity order offered by the new SSK modulation scheme. Finally, Section VI concludes the paper.
II. SYSTEM MODEL Let us consider a generic × MIMO system, with and being the number of transmit-and receiveantenna, respectively. SSK modulation works as follows [4] , [6] : i) the transmitter encodes blocks of log 2 ( ) data bits into the index of a single transmit-antenna (i.e., antennaindex coded modulation), which is switched on for data transmission while all the other antennas are kept silent, and ii) the receiver solves a -hypothesis detection problem to estimate the transmit-antenna that is not idle, which results in the estimation of the unique sequence of bits emitted by the encoder. Throughout this paper, the unique block of bits encoded into the index of the -th transmit-antenna is called "message" and is denoted by for = 1, 2, . . . , . The messages are assumed to be emitted with equal probability by the encoder. Moreover, the related transmitted signal is denoted by (⋅) for = 1, 2, . . . , . It is implicitly assumed in this notation that, if is transmitted, the analog signal (⋅) is emitted by the -th transmit-antenna while all the other transmit-antenna radiate no power.
A. Notation
Let us briefly introduce the main notation used in what follows. i) We adopt a complex-envelope signal represen-tation. ii) = √ −1 is the imaginary unit. iii) (⋅) * and (⋅) denote complex-conjugate and transpose operators, re-
is the convolution of signals (⋅) and (⋅). v) |⋅| 2 denotes square absolute value. vi) E {⋅} is the expectation operator. vii) Re {⋅} and Im {⋅} denote the real and imaginary part operators, respectively. viii) Pr {⋅} denotes probability. ix)
is the Q-function. x)ˆde-notes the message estimated at the receiver-side. xi) is the average energy transmitted by each antenna that emits a non-zero signal. xii) denotes the signaling interval for each information message for = 1, 2, . . . , . xiii) The noise at the input of the -th receive-antenna ( = 1, 2, . . . , ) is assumed to be an Additive White Gaussian Noise (AWGN) process, with both real and imaginary parts having a power spectral density equal to 0 . Across the receive-antenna, the noises for = 1, 2, . . . , are statistically independent. xiv) For ease of notation, we set¯= /(4 0 ). 
B. Channel Model
We consider a frequency-flat slowly-varying channel with generically correlated and non-identically distributed Rician fading over the transmit-receive wireless links. In particular:
• ℎ , ( ) = , ( − , ) is the channel impulse response of the transmit-receive wireless link from the -th transmit-antenna to the -th receive-antenna for = 1, 2, . . . , and = 1, 2, . . . , . , and , are the complex channel gains and time-delays, respectively.
• The delays , for = 1, 2, . . . , and = 1, 2, . . . , are assumed to be i.
), but known at the receiver, i.e., perfect time-synchronization is considered.
• The complex channel gains , for = 1, 2, . . . , and In particular, ( , ) and Ω , for = 1, 2, . . . , and = 1, 2, . . . , might not be the same over different transmit-receive wireless links.
• A generic channel correlation model is assumed. In particular, the correlation coefficient between the transmitreceive wireless link from the 1 -th transmit-antenna to the 1 -th receive-antenna for 1 = 1, 2, . . . , and 1 = 1, 2, . . . , , and the transmit-receive wireless link from the 2 -th transmit-antenna to the 2 -th receiveantenna for 2 = 1, 2, . . . , and 2 = 1, 2, . . . , is:
(1) where = { , } and = { , } account for the real and imaginary components of the complex channel gains. Given a pair of transmit-antenna ( 1 , 2 ) for 1 = 1, 2, . . . , and 2 = 1, 2, . . . , , we denote by Σ Σ Σ ( 1 , 2 ) the covariance matrix whose element in the 1 -th row and 2 -th column is:
Moreover, we have, for = 1, 2, . . . , and
due to the assumption of Rician fading.
III. SSK-MIMO: ABEP OVER CORRELATED RICIAN FADING CHANNELS
Let with = 1, 2, . . . , be the transmitted message. The signal received after propagation through the wireless fading channel and impinging upon the -th receive-antenna can be written as follows ( = 1, 2, . . . , ): 
If the transmitted message is , which results in switching on the -th transmit-antenna for data transmission, the receiver will be successful in detecting the transmitted message, i.e.,ˆ= , if and only if max =1,2,...,
Furthermore, let us emphasize that the ML-optimum receiver in (5) satisfies the "conventional" channel assumption in [5] , and does not require any normalization of the transmitted signal to ensure correct detection for high SNRs. Using this normalization, which would require perfect knowledge of CSI at the transmitter, would lead to the so-called "constrained" channel assumption in [4] , [5] . The ML-optimum detector in (5) can efficiently work without any CSI at the transmitter, while still being unbiased for high SNRs (i.e., the error probability tends to zero when the SNR increases without bound). Conventional SSK modulation in [4] [5] [6] implicitly assumes that the signal transmitted by the -th transmit-antenna is
elementary pulse waveform for each transmission. Accordingly, the signal impinging upon the -th receive-antenna is as follows ( = 1, 2, . . . , ):
We note that in (7) the channel delays , for = 1, 2, . . . , and = 1, 2, . . . , do not appear explicitly. The reason is that (7) implicitly assumes that: either i) a pure sinusoidal tone is transmitted by each antenna, i.e., ( ) = 1/ , and the propagation delays are embedded, with a slight abuse of notation, into the channel phases,
, which is a realistic assumption when the distance between the transmitter and the receiver is much larger than the spacing between the transmit-and receive-antenna, and, to a first-order, the signals transmitted by the antennas differ only in phase [25, Eq. (7.24)], which can be still embedded into the channel phases. In this latter case, the delays can be neglected in the light of the assumption of perfect time-synchronization at the receiver. In Section IV, we will see how the transmitted pulse waveforms and the propagation delays might be exploited to get transmitdiversity gains.
From (7), the decision metrics in (6), when conditioned upon the transmission of message , i.e., | , can be written as follows ( = 1, 2, . . . , and = 1, 2, . . . , ):
A. The 2 × MIMO Case 1) Conditional Error Probability: Let us consider = 2. From the decision rule in (5), the probability of wrong detecting the index of the transmit-antenna, P E (⋅, ⋅), when conditioning upon the channel impulse responses
, can be explicitly written as follows:
After a few algebraic manipulations, P E (⋅, ⋅) in (9) can be written as follows:
where we have defined˜=
√˜1
, . In particular, when conditioning upon the fading channel gains,˜is a Gaussian distributed RV with zero-mean and variance E {˜2}
Furthermore, we have taken into account that, due to symmetry, Pr 
2) Statistics of the End-to-End SNR:
To compute the ABEP, the conditional error probability in (11) needs to be averaged over (h 1 , h 2 ), i.e., ABEP 2,1 = E {P E (h 1 , h 2 )}. We exploit the Moschopoulos method [17] to get a closed-form expression of the ABEP over generically correlated Rician fading channels. To this end, some preliminary considerations are required. In particular, from Section II-B we have ( = 1, 2, . . . , and = 1, 2, . . . , ):
where we have defined 
From the channel model in Section II-B, it can be readily shown that the 2
,2 , . . . , (2, 1) ,
,2 , . . . ,
is Gaussian distributed with mean vector, Ξ (2, 1) , and covariance matrix, Σ Σ Σ Ξ (2, 1) , defined in what follows, respectively:
,
where
(¯( 2,1)
are × matrices whose element in the -th row andth column is Σ Σ Σ Ξ (2, 1) 
. . , and = 1, 2, . . . , .
3) Moschopoulos Method: From (12)- (14), it follows that (11) is the summation of the absolute square value of complex Gaussian RVs, with known mean vector (13) and covariance matrix (14) . As a consequence, the MGF, 2,1 (⋅), and the PDF, 2,1 (⋅), of 2,1 can be computed in closed-form by exploiting the general result in [26, Theorem 1] . In particular, the MGF is equal to [26, Eq. (25) ]:
(15) where = 2 and, for ℎ = 1, 2, . . . , ,
, . . . , (2, 1) ) is the diagonal matrix of the eigenvalues
, . . . , (2, 1) ) of the covariance matrix in (14) , T (2,1) is a × orthogonal matrix containing the orthogonal eigenvectors of the covariance matrix in (14) such
) , and
is the ℎ-th element of the column vector (2,1) = ( T (2, 1) ) Ξ (2, 1) . From (15), a closed-form expression of the PDF, 2,1 (⋅), of 2,1 can be obtained from [26, Theorem 1] by using the Moschopoulos method. The final result is as follows: 
4) MGF-and PDF-based Approach to Compute the ABEP:
Finally, by using (15) and (16), the ABEP 2,1 can be computed from (11) by using either a MGF-or a PDF-based approach [23] , as shown in (18) below and in (19) on top of this page, respectively:
where the last equality in (19) (18) and (19) offer the same result. However, the integral in (18) cannot, to the best of our knowledge, be computed in closed-form and numerical methods need to be used. This can be done with consolidated numerical methods, for example Gauss-Legendre Quadrature Rules [27] . On the contrary, (19) offers a truly closed-form expression of the ABEP. An efficient method to compute the series in (16) and (19) can be found in [28] .
B. The × MIMO Case
The extension of the framework in Section III-A is quite cumbersome when > 2. To avoid this complexity, we take advantage of a recently proposed bound to compute the performance of SSK modulation when > 2. The bound has been proposed in [10] for a system setup with a single receiveantenna and validated for Nakagami-m fading. In [10] , it has been shown that the bound can overcome the limitations of other bounds already available in the literature for Rayleigh fading, e.g., [6] . In this paper, we simply use this bound for a generic MIMO system. The interested reader can find all the details of the derivation in [10] .
By using [10, Eq. (33) ], the ABEP of a generic × SSK-MIMO system over correlated Rician fading channel can be tightly upper-bounded as follows:
where ABEP 2 , 1 for 1 = 1, 2, . . . , and 2 = 1, 2, . . . , is the ABEP of an equivalent 2 × SSK-MIMO system, which consists of only two transmit-antenna, i.e., the antennas with indexes 1 and 2 . In practice, ABEP 2 , 1 for 1 = 1, 2, . . . , and 2 = 1, 2, . . . , can be obtained from (18) and (19) as if the transmit-antenna 1 and 2 were the only available in the MIMO system. Apart from replacing all the indexes in Section III-A, i.e., (2, 1) → ( 2 , 1 ), all the formulas are still valid and can be readily applied.
In Section V, we will show that the bound in (20) , as based on union bound methods [10] , is asymptotically tight for high SNRs and can offer good estimate of the ABEP for the SNRs of practical interest.
C. Analysis of the Diversity Order
The diversity order of a generic × SSK-MIMO system can be computed by using the unifying parametrization in [29] . For example, by using [29, Proposition 3] , which applies to the MGF of the end-to-end SNR when | | → +∞, we can readily compute the diversity gain, , as follows
Note that, this result is valid for the scenario with arbitrary transmit-antenna, since the MGF when > 2 is simply the summation of the MGFs of equivalent SSK-MIMO systems with two transmit-antenna: this follows from (18) and (20) . As obtained in [6] for i.i.d. Rayleigh fading, the diversity gain depends only on the number of receive-antenna, while the number of transmit-antenna affects the coding gain only. The coding gain can be readily computed by using the parametrization in [29] as well. However, it is here omitted due to space constrains.
IV. TOSD-SSK-MIMO: ABEP OVER CORRELATED RICIAN FADING CHANNELS
In Section III-C, we have seen that conventional SSK-MIMO systems can offer a diversity gain that depends on only the number of receive-antenna. The aim of this section is to develop a new SSK concept with a higher diversity gain, and, so, with a better ABEP. Unlike conventional SSK modulation that exploits neither the shape of the transmitted signal nor the propagation delays along the different transmit-receive wireless links, we will take advantage of these extra degrees of freedom for system optimization. Furthermore, the proposed scheme will retain the main benefit of SSK from the point of view of the complexity of implementation: a unique transmitantenna is allowed to radiate power at any time instance. This makes the proposed idea fundamentally different from other methods already available to get transmit-diversity gains [20] . Further comments about that are delayed to Section IV-D.
A. Orthogonal Signal Design
The new SSK-MIMO scheme retains the same MLoptimum detector as conventional SSK modulation, and differs on only the transmitted pulse waveforms. Accordingly, (4)- (6) are still valid. However, unlike Section III, the transmitted signal is not simply chosen as ( ) = √ ( ) for = 1, 2, . . . , . The rational and design guideline we adopt to choose (⋅) for = 1, 2, . . . , is based on the simple observation as follows. From (11) and (20), we can readily argue that the ABEP depends on the difference of the complex channel gains between pairs of transmit-antenna: the closer the channel gains are, the worse the ABEP is. This result clearly showcases that conventional SSK-MIMO schemes are unable to get diversity from the transmit-antenna, and the motivation is as follows: the complex channel gains in (11) do not sum up in power, but the end-to-end SNR is given by the coherent summation of them, which depends on the constructive and destructive combinations of the channel phases. The main objective of the new SSK-MIMO scheme is to avoid this coherent summation and to allow the complex channel gains in (11) to sum up incoherently, i.e., in power. To achieve this goal, we propose a new method that relies
In formulas, we assume that the signals, ( ) = √ ( ) for = 1, 2, . . . , , transmitted by each transmit-antenna (when switched on for transmission) satisfy the criterion as follows:
where the condition needs to be satisfied for 1 = 1, 2, . . . , ,  2 = 1, 2, . . . , , −∞ ≤ ≤ +∞, and −∞ ≤ ≤ +∞. In other words, the signals (⋅) for = 1, 2, . . . , need to have very good cross-and auto-correlation properties in the time domain.
As better described in Section IV-D, the TOSD-SSK modulation scheme can work when the signals have just either good cross-or good auto-correlation properties. In the next sections, we show that with the signal design in (20) we can get some diversity gains from the transmit-antenna. The reader can find in Section IV-D some possibilities for implementation, the limitations of the proposed method, as well as similarities and differences with other state-of-theart transmit-diversity schemes for MIMO systems.
B. Computation of the ABEP
Let ( ) = √ ( ) be the transmitted signals for = 1, 2, . . . , . Then, the signal impinging upon the -th receiveantenna can be written as follows ( = 1, 2, . . . , ):
where we note that, with respect to (7), the channel delays , for = 1, 2, . . . , and = 1, 2, . . . , appear explicitly and might be exploited as described in Section IV-D.
From the new received signal in (22) , the decision metrics in (6), when conditioned upon the transmission of message , i.e., | , can be written as follows ( = 1, 2, . . . , and = 1, 2, . . . , ): (8) and (23), we notice that, due to the orthogonal signal design in (21), we can completely avoid the term Re
, which is responsible for the coherent summation of the complex channel gains.
From (23), we can use analytical steps similar to Section III-A and Section III-B to compute the ABEP. Since the analytical development is very similar, we avoid the details of the derivation, and just report the main results. In particular, the error probability conditioned upon fading channel statistics is as follows:
By comparing (11) and (20) with (24), the main advantage of the TOSD-SSK modulation scheme becomes apparent: the end-to-end SNR does not depend on the differences of complex Gaussian RVs, but it is given by their incoherent summation. We will show in Section V that this introduces a significant boost in performance.
From (24) , the ABEP can still be computed by exploiting the Moschopoulos method [17] and, in particular, [26, Theorem 1] . As a matter of fact,
is still given by the summation of the absolute square value of 2 complex Gaussian RVs. Accordingly, (15)- (20) can still be used but for a different mean vector and covariance matrix in (13) and (14), respectively. In particular, let us define the 4 × 1 vector 
can be readily computed as follows, respectively:
, (
In summary, also for the TOSD-SSK modulation scheme, we have provided a closed-form framework to compute the ABEP over generically and non-identically distributed Rician fading channels. The ABEP can be computed from (15)- (19) and (24)- (26) by setting = 4 . All the other symbols and definitions remain the same.
C. Analysis of the Diversity Order
The diversity order of the TOSD-SSK modulation scheme can be computed by using a procedure similar to Section III-C. Since for SSK modulation we have = 2 and for TOSD-SSK modulation we have = 4 , it can be readily obtained that the diversity gain is, in the latter case, = ∑ ℎ=1 (⋅,⋅) ℎ = 2 . This results in a twofold increase in the diversity order for arbitrary transmit-and receive-antenna. The net effect is a steeper slope of the ABEP for high SNRs and, so, better performance. In particular, when = 2 we can achieve full-diversity, i.e., = 2 = . Further comments about the reason why full-diversity cannot be achieved when > 2 can be found in Section IV-D.
D. TOSD-SSK: Possibilities of Implementation and Limitations
The aim of this section is to briefly summarize the different ways the TOSD-SSK modulation scheme could be implemented by exploiting a time-orthogonal design of the signals emitted by each transmit-antenna. In particular, some options are as follows. a) Case Study 1: The first possibility to satisfy the condition in (21) is to assume that the signals transmitted by each transmit-antenna, when switched on for data transmission, are all different from each other and have good cross-correlation properties 2 . This reduces to shape the waveform transmitted by each antenna with a different filter by meeting some timeduration and bandwidth constraints. This way, the information sent by each antenna is conveyed by both the spatial position and the unique pulse shape linked to it.
Using an orthogonal signal design, across the transmitantenna, to get transmit-diversity gain is certainly not new. Several examples can be found in [20, Sec. III]. Probably, the method closest to the scheme suggested here is [30] . However, the TOSD-SSK scheme is different from all the transmitdiversity methods available in the literature for a main reason: in TOSD-SSK there is only a single antenna 3 transmitting at any time instance [20, Sec. III]. In other words, the proposed method does not achieve transmit-diversity gains due to the simultaneous transmission of redundant signals from several antennas at the transmitter, but because the information is encoded into the spatial position of the transmit-antenna, which is exploited at the receiver via a ML detector. This has a tremendous impact on the complexity of the system: i) inter-antenna synchronization is not required, ii) only a single radio frequency chain at the transmitter is needed, and iii) the receiver exploits a simple single-stream ML detector with linear processing. This makes TOSD-SSK modulation entirely different from similar orthogonal designs for transmitdiversity.
b) Case Study 2:
The second choice for satisfying (21) is to assume that the signals transmitted by each transmitantenna, when switched on for data transmission, are delayed versions of a same signal with good auto-correlation properties at those time lags 4 . This reduces to the design of a single waveform with the desired time-duration and bandwidth constraints. This way, the information sent by each antenna is conveyed only by its spatial position.
Broadly speaking, this technique is not new in the MIMO context and is known as delay-diversity method. The first paper proposing the idea was [31] . Other examples can be found in [20, Sec. III]. However, similar to Case Study 1, all the schemes based on this method foresee to artificially create multipath distortion via the simultaneous transmission of redundant signals from several transmit-antenna. So, the proposed method is substantially different from them since it exploits the space modulation concept to allow a single antenna to be active at any time instance. The benefits already described for Case Study 1 are retained by this implementation as well.
c) Case Study 3: A slight different alternative to Case Study 2 is to consider that all the transmit-antenna emit exactly the same signal (instead of delayed versions of it), which should have good auto-correlation properties at all time lags. The idea of this implementation is to exploit the different propagation delays along any transmit-receive wireless link. In other words, while conventional SSK modulation does not exploit the different propagation delays along the different wireless links (this is achieved by assuming, e.g., that these delays are negligible or by transmitting a single sinusoidal pulse that allows to map the time delays into actual phase shifts [10] , [11] ), the TOSD-SSK scheme could take advantage of them. By transmitting a signal with very good auto-correlation properties (ideally a Dirac delta pulse) all the delays could be resolved in time. Of course, the effectiveness of this solution depends on the spacing of the antenna elements (at both the transmitter and the receiver) and the characteristics of the wireless channel. This solutions may be certainly effective in a distributed setting, by applying the SM concept to virtual MIMO systems. The constraints on the signal design of this solution might also be relaxed in part by assuming the presence of a feedback channel from the receiver to the transmitter: the receiver might estimate the time lags over the transmit-receive wireless links and feedback them to the transmitter. With this information, the transmitter might design a pulse shape with good auto-correlation properties for those time delays only.
d) Case Study 4:
Finally, an effective way to exploit the TOSD-SSK method is to rely on the good auto-and crosscorrelation properties of Spread Spectrum (SS) and Ultra Wide Band (UWB) signals. Using SS signals for transmit-diversity gains is not new [32] . However, in [32] all the antennas are still required to transmit redundant signals simultaneously, which does not make this solution suitable for low-complexity implementations. To our best knowledge, no solutions are available in the literature that rely on the UWB signaling to get transmit-diversity gains. However, UWB signals might be a very appealing solution for SSK modulation [6] , and the accurate ranging and synchronization capabilities of Impulse Radio (IR-) UWB [33] could be a viable choice to exploit the TOSD-SSK method based on the design of a peaky auto-correlation function. However, a sound assessment of the IR-UWB technology for this purpose requires to extend the system model to a frequency-selective fading channel. This is out of the scope of this paper and is left to a future contribution.
In summary, the proposed TOSD-SSK modulation scheme can be implemented in several ways and appears to be fundamentally different from other transmit-diversity schemes: it exploits the space modulation concept to get transmit-diversity gains and does not rely on the transmission of redundant copies of the same signal. This seems to be suitable for lowcomplexity and low-cost MIMO implementations. Moreover, no feedback from the receiver to the transmitter seems to be required for various implementations. However, the main limitation of the proposed approach, if compared to more complicated methods, e.g., [19] , is the impossibility to achieve full-diversity when > 2. The reason is that the TOSD-SSK principle has been conceived from the analytical framework in (24) , which can capture only in part the system behavior since it is obtained by using union bound methods. Current research is now devoted to develop other analytical models, from which more insightful information about the system optimization can be obtained. However, this is left to a future contribution.
In addition, let us emphasize that in this paper we are not interested in the specific details related to each possible implementation to satisfying the optimization criterion in (21) . As a matter of fact, our goal is to propose the main optimization criterion to get transmit-diversity gains and compute the achievable performance under ideal conditions, which provide a strict lower-bound of the performance that can be expected by the TOSD-SSK modulation scheme for a practical operational design. On the other hand, in Section V we need a practical way to implement the TOSD-SSK modulation concept in order to obtain the numerical results and compare them with our analytical derivation. Several ways to design orthogonal signals can, e.g., be found in [34] . In particular, as far as the TOSD-SSK modulation scheme is concerned, we have found particularly suitable an orthogonal signal design method that has been recently proposed for UWB wireless communication systems. However, the approach is not restricted to signals with a very large bandwidth, but can be used for narrow-band signals as well. The idea can be found in [35] , and is introduced in Section V.
Finally, we would like to emphasize that the TOSD-SSK modulation concept introduces some additional practical design issues with respect to the SSK modulation scheme. Some of these issues are specific to the particular method used to achieve the time-orthogonal signal design in (21) . For example, as mentioned above, Case Study 3 might require a feedback channel and Case Study 4 should take into account the large bandwidth requirements of SS and UWB signals, along with frequency distortions possibly introduced by the wireless channel for these transmission schemes. In general, practical issues to be considered when designing orthogonal signals according to (21) are, among many others: i) the achievable duration/bandwidth product of the designed waveforms, ii) the amount of channel state information needed at the transmitter to guaranteeing the orthogonality at the receiver, which may change depending on the specific channel model, iii) the availability and properties of the feedback channel to ensure the reliable transmission of channel state information, and iv) the synchronization requirements at the transmitter and at the receiver to guaranteeing the orthogonality constraint. However, the analysis of each of these issues is beyond the scope of this paper and is postponed to a future research contribution. In Section V, we show that the practical solution adopted in this paper for illustrative purposes [35] , only requires, similar to the SSK modulation scheme, perfect time-synchronization at the receiver. Moreover, both SSK and TOSD-SSK modulation schemes offer the same spectral efficiency, which allows us to perform a fair performance comparison.
V. NUMERICAL AND SIMULATION RESULTS
In this section, we describe some numerical results aiming at validating the accuracy of the proposed analytical frameworks, at comparing the performance of SSK and TOSD-SSK modulation schemes, and at substantiating the claims that have been made. a) System Setup: For illustrative purposes, the following setup is used. i) The curves are shown as a function of the Rice factor ( , ) and the average SNR of the transmit-receive wireless link from the -th transmitantenna to the -th receive-antenna for = 1, 2, . . . , and = 1, 2, . . . , . The parameters (i.e., mean and standard deviation) of the related Gaussian RVs can be computed
. . , and = 1, 2, . . . , . ii) As far as the channel correlation model is concerned, we consider the "Kronecker model" [36] , [37] with exponential correlation [38] . However, we emphasize here that the analytical frameworks proposed in Section III and in Section IV can be used for arbitrary correlation matrices, including correlation matrices obtained from measurements. The adoption of a "Kronecker model" is only due to its simplicity of implementation, and we expect that SSK modulation will show similar performance trends for different correlation models. In particular, we assume 1, 2, . . . , , 1 = 1, 2, . . . , , and 2 = 1, 2, . . . , . Furthermore, ∈ [0, 1] is a constant factor used to study the performance for various correlation coefficients. iii) The numerical values of all the parameters can be found in the caption of each figure.
As far as Monte Carlo simulations are concerned, we have implemented the detectors in (5) and (6) for SSK modulation and added the constraint in (21) for TOSD-SSK modulation. For each transmitted symbol, which is composed by log 2 ( ) bits, we assume the wireless channel to be constant, while it changes independently from symbol to symbol according to the fading channel model described above. To implement the TOSD-SSK concept in practice, i.e., to obtain a set of signal waveforms (⋅) for = 1, 2, . . . , that satisfy (21), we use the approach proposed in [35] . In particular, in [35] the authors have proposed a general method to design orthogonal waveforms with almost similar time-duration and frequency-bandwidth. Although the idea has been proposed for UWB systems, the signal design method in [35] can be used to obtain narrow-band waveforms via simple timescaling operations. More specifically, if, e.g., = 2, we assume that the first transmit-antenna emits the signal [35, Eq. (38) ] and the second transmit-antenna emits the signal [35, Eq. (39) ], when they are switched on for transmission. Of 5 Note that with this notation we implicitly assume, with a slight abuse of notation, 0 = 1 for all the values of . course, any other combinations of signals in [35] is possible. This specific implementation reproduces the idea described in Case Study 1 in Section IV-D, since the waveforms in [35] have good cross-correlation properties 6 . On the other hand, when the SSK modulation scheme is simulated, we consider that each antenna radiates always the same pulse shape, for example the signal [35, Eq. (38) ]. With this assumption, both SSK and TOSD-SSK modulation schemes use waveforms with a similar time-duration and frequency-bandwidth, thus offering almost the same spectral efficiency [35, Fig. 4 and Fig. 5] , and allowing us for a fair comparison. For the sake of simplicity, we assume perfect time-synchronization at the transmitter and at the receiver, as well as that the time propagation delays are almost the same over all the wireless links. These assumptions all agree with the system model in Section II, and allow us to get strict lower-bounds of the ABEP achievable by the SSK and TOSD-SSK modulation schemes. The design of orthogonal waveforms robust to timeasynchronism (also known as jitter-robust signal design) has recently received a growing attention in the literature (see, e.g., [39] and references therein), but due to space constraints the study of this scenario is postponed to future research.
As far as the analytical framework is concerned, in Section III-A4 we have shown that the ABEP can be computed by using either a MGF-or a PDF-based approach. From a numerical point of view, we have found the MGF-based method to be less computational intensive for increasing values of the correlation coefficient of the wireless channel. So, we have used the PDF-based approach to compute the ABEP for low correlation coefficients (i.e., ≤ 0.25) and the MGF-based approach for high correlation coefficients. (11) and (20) we conclude that lower amounts of fading bring the complex channel gains closer together, which results in a poor ABEP. This is a very different behavior with respect to conventional modulation schemes, where, in general, the ABEP improves for less pronounced fading fluctuations [23] . However, this result is inherent in the working mechanism of SSK modulation, which requires the wireless links to be sufficiently different from each other to achieve good performance. iii) By studying the ABEP with respect to the correlation coefficient, we observe that it gets worse for increasing values of the channel correlation, as expected. In particular, we observe that for large values of the correlation coefficient the detector might be unable to distinguish the messages sent by the different transmit-antenna. This conclusion also follows from (11) and (20), similar to the comment in ii). iv) Finally, by studying the performance with respect to the number of transmit-and receive-antenna we observe that the ABEP degrades for increasing values of , while it gets better for increasing values of . The trend obtained with respect to is similar to the performance degradation observed in digital modulation schemes with increasing values of the modulation order: this agrees with (20) . Furthermore, numerical results confirm that the diversity order increases with , as shown in Section III-C.
c) Performance of TOSD-SSK Modulation over Rician Fading: In Figs. 5-8 , we show the ABEP of TOSD-SSK modulation for the same system setup as in Figs. 1-4 . Also in this case, we notice that the analytical model developed in Section IV is very accurate and the bound for > 2 tightly overlaps with Monte Carlo simulations for ABEP ≤ 10 −1 . However, with respect to Figs. 1-4 , we can observe a very different trend of the ABEP with respect to the channel fading, which makes TOSD-SSK more similar to conventional digital modulation schemes. In particular: i) we observe that the ABEP of TOSD-SSK modulation gets better for increasing values of the Rice factor : this stems directly from (24), which clearly showcases that the ABEP does not depend on the difference between the complex channels gains, and, so, on how different the fading on the wireless links is, but it depends on the power-sum of them. This is a behavior similar to conventional modulation schemes with optimum combining [23] ; and ii) also in this case the ABEP degrades for increasing values of the correlation coefficient. However, if compared to Figs. 1-4 , the degradation of the ABEP is less pronounced. The net result is that TOSD-SSK modulation is inherently more robust to channel correlation than SSK modulation. of SSK modulation by considering a wireless scenario with non-identically distributed fading (i.e., with power imbalance among the wireless links). Due to space constraints, similar curves for TOSD-SSK modulation are not reproduced because, as already observed in Figs. 5-8, TOSD-SSK modulation shows a trend similar to conventional modulation schemes [23] . Besides the good agreement between Monte Carlo simulations and the analytical framework in Section III, we notice that the performance of SSK changes remarkably for various fading scenarios. In particular, in Fig. 9 we observe two scenarios with a high (i.e, Ω 2,1 − Ω 1,1 = 10dB) and a low (i.e, Ω 2,1 − Ω 1,1 = 3dB) power imbalance between the wireless links. We notice that when the fading fluctuations are not very pronounced (i.e., = 5dB), the ABEP improves with channel correlation, and the improvement increases with the average power gap Ω 2,1 − Ω 1,1 . This trend follows from (11) and (20): although the channel fading might introduce fluctuations that could offset the power imbalance of the channel gains, if the wireless links are correlated these fluctuations are likely to be almost the same over all the wireless links, thus unlikely offsetting the average power gap. On the contrary, if the wireless links are identically distributed (as shown in Figs. 1-4 ) channel fading can only be beneficial if the wireless links are more distinguishable from each other, and so, in this case, channel correlation can only be detrimental. These conclusions agree with the results already obtained in [10] , [11] for Nakagami-m fading, thus showing that this property is inherent in SSK and is not specific of the channel fading model. In Fig. 10 , we show a setup similar to Fig. 9 , but in this case the channels are subject to more pronounced fading fluctuations (i.e., = 0dB instead of = 5dB as in Fig. 9 ). We notice that in Fig. 10 the ABEP gets worse for increasing values of the channel correlation even though there is a non-negligible power imbalance among the wireless links. The reason is that the deep fluctuations introduced by Rayleigh fading ( = 0dB) offset the average power gap in this case. However, with respect to Figs. 1-4 , we observe that power imbalance reduces, in any case, the effect of fading fluctuations and, so, the ABEP improves. These results clearly show that the performance of SSK over generalized fading channels is very unpredictable, and the development of general and sound frameworks, as those derived in this paper, are very important for the optimization of this novel transmission technique.
e) SSK and TOSD-Modulation over Rician FadingPerformance Comparison: In Figs. 11, 12 we compare the performance of SSK and TOSD-SSK modulation over the same wireless scenarios. The interested reader might also find it useful to carefully analyze, curve-by-curve, Figs. 1-4 with Figs. 5-8 for a comparison over a wide range of fading parameters and combinations of transmit-and receive-antenna. In particular, Fig. 11 shows the significant performance gain achieved by TOSD-SSK modulation with respect to SSK modulation. We observe that the performance improvement is of the order of tens of dB, and it is mainly due to the steeper slope (higher diversity order) of the ABEP for high SNRs. Finally, in Fig. 12 we observe that TOSD-SSK modulation introduces the same performance drop as SSK modulation for increasing values of , while it seems to be more robust than SSK modulation to channel correlation, which is an additional benefit when using this technology in mobile handsets.
VI. CONCLUSION
In this paper, we have studied the performance of SSK modulation over correlated Rician fading channels. An accurate analytical framework has been developed, and numerical results have clearly indicated that the performance of SSK modulation strongly depends on the actual channel conditions. Furthermore, we have shown that conventional SSK modulation schemes are unable to offer transmit-diversity gains. Transmit diversity, however, is particularly desirable in the downlink. Therefore, we have proposed a novel SSK modulation scheme, which is called TOSD-SSK and is based on a time-orthogonal design of the transmitted signals. Analysis and simulations have shown that the novel scheme can offer full-diversity for two transmit-and arbitrary receive-antenna, and is more robust than SSK modulation to channel correlation. Ongoing research is concerned with the development of improved SSK modulation schemes offering full-diversity for arbitrary transmit-antenna.
